INTRODUCTION
Composite laminates made with high strength resin matrices are brittle and are easily damaged by transverse Impact loads. Delamination damage *Research Associate Professor, Old Dominion University. **Senior Engineer. plates are examined. For simplicity, the impact event is assumed to be equivalent to an axisymmetric plate loaded slowly in the direction of impact. This assumption is reasonable for quasi-isotropic plates impacted at the center.
Early studies at NASA Langley (refs. 2 and 3) of low velocity impact on 8 to 32-ply circular laminates have indicated that laminates may undergo large deflections, which makes the problem geometrically nonlinear. The objectives of this study are:
(1) to develop a geometrically nonlinear axisymmetric finite-element (F-E) analysis which includes the crack closure technique of calculating strain energy release rates, (2) to Identify the mode (opening or shear sliding) of delaraination growth due to low velocity impact, (3) to examine the influence of delaraination size and location and plate configuration on strain energy release rates, and (4) to examine the compression Instability of the near-surface do laminated layer duo to Impact. Figure I shows delamlnatlon models considered In this study. A mldplane delamlnatlon ( fig. 1(a) ) was selected to Identify the mode of delamlnatlon growth, I.e., mode I or 11 and/or combined. The critical location of the delamlnatlon was predicted by analyzing a plate with three delaminat Ions; one at the mldplane and the other two located at equal distances on each side of the mldplane (see fig. 1(b) ).
Compressive flexur.il stresses that develop during the Impact of a thick, laminate may cause local Instability of delamlnated surface piles. The local buckling of the surface sublamlnate results In high interlamlnar peeling stresses In addition to sheaf stress at the delamlnatlon front. The mode of delaminat ion growth therefore could be mode I, which is different from cases (a) and (b). To examine the energy release rates related to local instability, a plate with a delamlnatlon nearer to the top surface of the laminate, referred to as a near-surface delamlnatlon, was analyzed. Although more than one delamlnatlon may be present or created during the impact, for simplicity they are neglected.
A geometrically nonlinear two-dimensional finite-element program (ref. fig. 6 ). At P * Ö.87 kN, G n becomes equal to C Uc (1.0 kJ/ra 2 ).
Further increase in the force P causies delamination to grow at constant
The locus of ^ri ls shown by a broken line in figure 6 . The plot of R 6 versus critical force P for a G Uc of a laminate Is hereafter referred to as "delamination growth curve."
Delamination growth curves for three materials whose elastic stiffness properties are the same as those for T300/520S and with C u values of 0.5, table I ).
However, a dela^lnatIon in a brittle composite (like T300/52OO), which will have lower G., , will becorae critical and grow at lower force than In tougher coaposltes.
Multiple Delamlnatlons
A laminate generally develops more than one delaminatlon In thickness direction during the impact (see, for example, fig. 1(c) ). A question is: Figure 11 shows the predicted critical forces for initiation of growth of three delamlnatlons. The material fracture toughness G Uc is assused to be 1.5 kJ/nr. For small delamlnatlons (R fi < 2.5 tan) radii, the upper delaaination (A) grows first followed by 8 and C delamlnatlons. However, for R 6 > 3 na», the nldpl.ine delaminatlon grows first and followed by A and C.
These curves can be used to predict delaminatlon radii for a given force by drawing an ordinate perpendicular to the abscissa as In figure 11 . The Intersection of the ordlnate and the curves gives the delaminatlon radii at the 1. The primary mode of delamlnatIon growth in the Interior, away from top and bottom surfaces, of a circular, quasi-lsotropic laminate subjected to transverse impact is by C n (G m was not addressed).
2. For a constant force, G n decreases with increasing radius of the delaninatlon when the delamlnation radius is greater than the loaded region.
3. Small delamlnations (smaller than or nearly equal to the impact pressure area) have very low c u 's due to a reduced shear stress singularity.
Therefore, initial interlamlnar failures may be governed by the interlaminar strength criteria.
4. Delamlnation growth rate is rapid (neutrally stable) for low fracture toughness (brittle) mater'-'.s, and it is slow and stable for high toughness materials.
5. A mldplane delamlnatIon, with a radius larger than the impact pressure radius, is «ore critical and grows faster than other delamlnations of the same size but located in any other plane.
6. If a thin debonded sublaralnate forms near the impact surface of a thick laminate, the sublaralnate may buckle due to bending compresstve »tresses. The peel mode energy release rate G t can be as high as 0.5G n .
Therefore, a near-surface delamlnatIon in a material with low G I{ . may grow in the peeling mode.
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